It is unclear how changes in lipid droplet size and number are regulated -for example, it is not known whether this involves a signalling pathway or is directed by cellular lipid uptake. Here, we show that oleic acid stimulates lipid droplet formation by activating the long-chain fatty acid receptor FFAR4, which signals through a pertussis-toxin-sensitive G-protein signalling pathway involving phosphoinositide 3-kinase (PI3-kinase), AKT (also known as protein kinase B) and phospholipase D (PLD) activities. This initial lipid droplet formation is not dependent upon exogenous lipid, whereas the subsequent more sustained increase in the number of lipid droplets is dependent upon lipid uptake. These two mechanisms of lipid droplet formation point to distinct potential intervention points.
INTRODUCTION
Lipid droplets are intracellular storage organelles found in most cells in essentially all organisms (Athenstaedt et al., 1999; Wan et al., 2007; Fujimoto et al., 2008) . Lipid droplets are made up of a core of neutral lipids (Zweytick et al., 2000; Cheng et al., 2009) surrounded by a monolayer of phospholipids (Tauchi-Sato et al., 2002; Fujimoto and Ohsaki, 2006) in which is embedded a unique set of proteins (Goodman, 2009; Walther and Farese, 2009; Hodges and Wu, 2010; Meex et al., 2009) . Lipid droplets are highly dynamic organelles, and the application of long-chain fatty acids generates droplets in most cell types (Schadinger et al., 2005; . Extensive generation of these neutral lipid storage organelles has been implicated in a number of diseases, including non-alcoholic steatohepatitis (NASH) (Anderson and Borlak, 2008; Neuschwander-Tetri, 2010) , obesity and type 2 diabetes (Agarwal and Garg, 2006; Thiele and Spandl, 2008; Boström et al., 2009) . Dysregulation of the formation of lipid droplets also affects the process of atherosclerosis (Paul et al., 2008) . In addition, lipid droplets are important in infection by hepatitis type C virus (HCV); a capsid (core) and a non-structural protein (NS5A) are targeted to lipid droplets, resulting in HCV particles assembling at lipid dropletsindeed, disturbance of lipid droplet targeting can suppress HCV production (Sato et al., 2006; Fujimoto et al., 2008; Clément et al., 2011) .
The excessive accumulation of intracellular lipid droplets can have further implications. In Chanarin-Dorfman syndrome, triacylglycerol, a major lipid constituent of lipid droplets, is deposited and stored in different tissues, but not in adipose tissue (Fujimoto et al., 2008) . Lipodystrophy is marked by a loss of adipose tissue in Berardinelli-Seip congenital lipodystrophy 2 (BSCL2) (Boutet et al., 2009) , associated with a reduction or defect in the sorting of caveolin-1 (Blouin et al., 2010) . The control of lipid droplet generation, composition and turnover is therefore important for cells. However, it remains unclear whether this regulation is brought about through an externally activated signalling pathway or is just directed by cellular lipid availability and, thus, uptake (Digel et al., 2010) . It has been suggested that the formation, localisation and growth of lipid droplets is dependent upon phospholipase D (PLD) and the ERK pathway (Nakamura et al., 2005; Andersson et al., 2006) but, despite this, the involvement of signalling pathways in the stimulated formation of lipid droplets in response to cell exposure to fatty acids, an indicator of nutritional uptake, is unclear. In order to investigate this, the hepatoma cell line Huh-7 was examined as a model of hepatic lipid uptake. Under normal conditions, this cell line contains a high number of lipid droplets of an intermediate average size, and the cells can be used to represent hepatic conditions. The results presented in this paper provide evidence that long-chain fatty acids increase lipid droplet formation through both an acute fatty-acid-receptor-mediated signalling pathway and a longer lasting lipid-uptake-mediated pathway.
RESULTS
Depletion of fatty acids from cell culture medium by overnight serum withdrawal brought about an ,85% reduction in the number of detectable lipid droplets in Huh-7 cells; this could be reversed by the addition of 100 mM oleate to the serumfree medium (Fig. 1) . This increase in the number of lipid droplets was apparent within a few minutes after the addition of oleate ( Fig. 1) and was concentration dependent. The increase in lipid droplet number following oleate addition was a biphasic process; the rapid increase from the starvation level was observable by 5 min after oleate addition (the fold increase above the starved control was 1.4460.17; 6s.e.m.) and increased up to 30 min (3.1360.24), followed by a plateau phase to ,60 min (3.2360.24), after which there followed a continuous increase in lipid droplet number (120 min, 3.8860.18; 180 min, 4.9260.19) (Fig. 1E) . In control untreated cells, the fold elevation in the number of droplets per cell compared with that of the starved condition was 7.9560.37. Oleate-stimulated droplet formation was ablated in pertussis-toxin-treated cells (Fig. 1F ).
This two-phase process suggests the involvement of distinct mechanisms. To examine stimulated changes in cellular lipids, the cells were incubated for 1 h with [
3 H]-oleate, and the distribution of radiolabel between lipid classes was then quantified following thin-layer chromatography (TLC) separation. In the control cells, labelling was found predominantly in phospholipids (0.5360.06 -data are expressed as the proportion of total counts detected) and triglycerides (0.4460.06), with smaller amounts in diacylglycerol (DAG), monoacylglycerol (MAG) and cholesterol ester (Fig. 1G ). In cells that had been starved for 16 h, a greater proportion of the label was incorporated into the phospholipid fraction (0.9160.01). These proportions returned towards those of the control following a 2 h exposure to 100 mM oleate (phospholipid, 0.7260.05; triglyceride, 0.2660.05), demonstrating an increase in the incorporation of oleate into neutral lipids. In cells exposed to 100 mM oleate for 15 min, there was minimal stimulated incorporation of radiolabel into the triglyceride and cholesterol ester fractions, despite the increase in lipid droplets at this time (Fig. 1) ; nevertheless, there was a small increase in fatty acid (0.0660.01) and DAG (0.0260.03) suggesting an increase in lipid biosynthesis. Lipidomic mass spectrometric analysis of the control cells, starved cells and cells that had been starved followed by treatment with oleate for 15 min demonstrated that there was minimal change in cellular oleate content. There was also no detectable oleate-containing monoglyceride pool (data not shown). The lipidomic analysis confirmed the LD540 experiments in showing an increase in DAG, triglyceride and cholesterol ester content in response to oleate stimulation of starved cells. Analysis of the molecular species demonstrated that a 15 min oleate stimulation of the serum-starved cells particularly elevated 36:2 and, to a lesser extent, 34:2, 34:1 and 36:3 DAG species and 18:1 cholesterol ester (total acyl carbon:total double bonds). The triglyceride species 48:3, 48:2, 50:4, 50:3, 50:2, 52:3, 52:2, 54:3 and 54:2 were particularly elevated, pointing to selective acylation of DAG species (Fig. 2) . Because low incorporation of [ 3 H]-oleate into DAG, triglyceride and cholesterol ester was detected (Fig. 1F) , this further suggests that stimulated lipid metabolism and/or remodelling underlies the acute generation of lipid droplets. To determine whether oleate stimulated rapid incorporation of fatty acids into the lipids of the lipid drops, serum-starved cells were loaded with the C17 heptadecanoate fatty acid for 2 h prior to stimulation with oleate. Mass spectrometric analysis showed that, at 15 min, the total and the C17 phosphatidic acid levels had decreased, implying increased de novo triglyceride synthesis. The extremely high amounts of triglyceride relative to other lipids makes it impossible to quantify the shift in lipids from MAG, DAG and phosphatidic acid to triglyceride (see Table 1 ). Additionally, total MAG and DAG increased after 15 min but there was no increase in C17 incorporation -the level of C17 cholesterol ester declined as oleate incorporation was increased. These data support the proposition that at the early (up to 15 min) time-points the increase in lipids in droplets comes from increased synthesis from existing cellular lipids, rather than the incorporation of external oleate.
In cells that were stimulated by the addition of medium containing 100 mM oleate for 10 min, after which the oleate was removed and the cells were washed with warmed PBS, Cells were incubated for 18 h in DMEM+1% BSA, followed by the addition of 3 mM heptadecanoate. Following a further 2 h, the cells were stimulated with 100 mM oleate. The lipids were extracted at the times indicated and quantified by mass spectrometry. The data are means of duplicate measurements from a single experiment. MAG, monoacylglycerol; DAG, diacylglycerol; TG, triglyceride; PA, phosphatidic acid; CE, cholesterol ester; FACoA, fatty acylCoA; PC, phosphatidylcholine. Fig. 3 . Dependence of continued lipid droplet formation upon extracellular oleate. Starved Huh-7 cells were exposed to 100 mM oleate (OA) for 10 min. Subsequently, either this was maintained (black bars) or the medium was removed and, following a PBS wash, the cells were incubated in fresh fatty-acid-free medium (open bars). The cells were fixed at the stated time-points, and lipid droplets were identified by LD540 staining and quantified by using microscopy. The data were normalised to results from fatty-acid-starved cells (starvation) and are expressed as the mean6s.e.m. The P-values are: 15 min, P50.9; 30 min, P50.5; 120 min, P,10
210
; 180 min P,10 210 (Student's t-test).
lipid droplet formation continued, as though the oleate had remained present, for at least a further 20 min (Fig. 3) . The fold increase in the number of lipid droplets above that of the starved control cells after 30 min (i.e. 10 min oleate exposure followed by 20 min in its absence) was 3.5260.28, but this declined to 1.660.16-fold after 2 h, which was similar to the fold change in lipid droplet number observed after a 5 min oleate stimulation (1.4560.17).
An increase in lipid droplet generation was also observed in starved cells in response to the addition of other long-chain fatty acids (e.g. linoleic acid), but not short-chain fatty acids (e.g. capric acid) (data not shown), further indicating the involvement of a fatty-acid-stimulated signalling pathway. A number of signalling pathways have been proposed to be important for lipid droplet formation. Fig. 4 demonstrates that the phosphoinositide 3-kinase (PI3-kinase) pathway is crucial for lipid droplet generation in oleate-stimulated starved cells. Preincubation with 10 mM LY294002 (a PI3-kinase inhibitor) prior to oleate stimulation completely inhibited lipid droplet generation at the 15 min timepoint and significantly suppressed the fold increase in lipid droplet number at 180 min (control, 5.1060.19; +LY294002, 1.7960.21) (Fig. 4C) . Mass spectrometric analysis also showed that the oleatestimulated increases in DAG, triglyceride and cholesterol ester species were inhibited by LY294002 (Fig. 2 ). This indicates a strong dependence of droplet generation upon PI3-kinasedependent signalling. To confirm the involvement of PI3-kinase signalling in oleate stimulation, three strategies were adopted. First, measurement of phosphatidylinositol (3,4,5)-trisphosphate [PtdIns(3,4,5)P 3 ] concentration by mass spectrometry demonstrated an oleate-stimulated increase in cellular PtdIns(3,4,5)P 3 , as quantified by the PtdIns(3,4,5)P 3 :PtdInsP 2 (phosphatidylinositol 4,5-bisphosphate) ratio (see Fig. 4D ). Additional mass spectrometric analysis demonstrated that the increased PtdIns(3,4,5)P 3 was either the 38:4 or 38:3 species (not shown). Second, western blotting showed that oleate stimulated the phosphorylation of AKT (also known as protein kinase B). This was detectable by 10 min (Fig. 5A ) and continued to 30 min, but was inhibited in cells that were preincubated with 10 mM LY294002 (Fig. 5B) . Third, we used Huh-7 cells stably expressing a PtdIns(3,4,5)P 3 -binding GRP1-PH domain tagged with GFP to show that oleate stimulated the translocation of the PH domain to the plasma membrane (Fig. 4A) . By contrast, 100 mM capric acid, which did not induce lipid droplet formation, was not able to induce plasma membrane translocation (Fig. 4B) . Examination of the localisation of the Grp1-PH domain also demonstrated that there was no colocalisation, in either control or oleate-stimulated cells, between the PtdIns(3,4,5)P 3 -binding domain and the lipid droplets.
Previous reports have suggested that PLD and ERK signalling play a role in lipid droplet formation (Nakamura et al., 2005 , Andersson et al., 2006 . However, incubation of Huh-7 cells with oleate failed to increase the phosphorylation of ERK (data not shown), and the inclusion of the ERK inhibitor (10 mM PD98059) failed to affect oleate-stimulated lipid droplet formation. By contrast, droplet generation was found to be dependent upon both PLD1 and PLD2 activities. Preincubation with either 100 nM PLD1 or PLD2 inhibitor (Scott et al., 2009 ) prevented lipid droplet formation in response to oleate stimulation (Fig. 6D) . In cells stimulated with oleate for 15 min, inhibition of either PLD isoform was equally effective (fold change in lipid droplet number following PLD1 inhibition, 1.0660.19; PLD2 inhibition, 1.2660.31; untreated, 3.1260.24); whereas, after 180 min, inhibition of PLD1 but not PLD1 was effective in inhibiting lipid droplet formation (PLD1 inhibitor, 3.1960.21; untreated, 5.160.19; PLD2 inhibitor, 4.2360.68) .
Examining Huh-7 cells stably expressing pEGFP-PLD1 and costained with LD540 for lipid droplet detection (Fig. 6A-D ) demonstrated extensive but not exclusive colocalization of PLD1 with lipid droplets, suggesting that PLD1 is involved in lipid droplet processing. PLD1 also colocalised with ARF1, one of the small GTPases known to regulate the activity of the phospholipase (Fig. 6E ). These data suggest that oleate stimulates a receptoractivated signalling pathway in Huh-7 cells that leads to an increase in lipid droplet formation. Further evidence for this proposition was provided by incubating cells overnight with pertussis toxin, which inhibited oleate-stimulated lipid droplet formation, thereby implicating a Gi/Go-coupled receptor in this pathway (Fig. 1F) . GW9508, an agonist of the long-chain fatty acid receptor, primarily active upon FFAR1 and FFAR4, induced lipid droplet formation in Huh-7 cells in the absence of exogenous fatty acids (Fig. 7A) . This was apparent after 15 min, when the fold increase in droplet formation was similar to that induced by oleate (oleate, 2.6960.14; GW9508, 2.8860.72); however, in contrast to oleate, a longer stimulation (180 min) did not further increase lipid droplet number (oleate, 5.160.19; GW9508, 2.7160.89) . In parallel with the increase in lipid droplet formation, GW9508 induced the phosphorylation of AKT (Fig. 7B) .
Western blotting of membrane preparations from Huh-7 cells demonstrated the presence of the FFAR4 but not FFAR1 fatty acid receptor, pointing to the former as the receptor responsible for oleate-stimulated lipid droplet formation (Fig. 8A) . FFAR4 was also detectable in HeLa cells but not in HEK293 cells (Fig. 8A) . To determine the importance of FFAR4 in regulating oleate-stimulated lipid droplet formation, a stable pLKO-vector-based cell line expressing FFAR4 shRNA was established, along with an emptyvector-containing Huh-7 cell line to be used as a control. Western blotting demonstrated that the shRNA suppressed the expression of FFAR4 (Fig. 8A) . Quantification of lipid droplets in the FFAR4-knockdown cell line compared with droplet numbers from the pLKO control cell line showed a reduction in response to both a 15 min (Fig. 8B) (Fig. 8C,D) ; this was apparent primarily at 15 min. To further characterise the signalling pathways linked to oleate activation of FFAR4, changes in the PtdIns(3,4,5)P 3 :PtdInsP 2 ratio were determined by mass spectrometry in FFAR4-knockdown cells compared with the changes in pLKOexpressing cells (Fig. 4D) . A 1.7460.32-fold stimulation in response to oleate stimulation for 15 min was detected in the pLKO cells, but this was not observed in the FFAR4-knockdown cells (0.8460.19). Not only could transfection of FFAR4-pEGP rescue the oleate stimulation of lipid droplet formation in FFAR4-knockdown cells, but the alterative receptor FFAR1 could also substitute for FFAR4. Stimulation of the FFAR1-transfected cells with 100 mM oleate generated a similar increase in the number of lipid droplets as was observed in mock-transfected pLKO cells, and this recovered response was ablated by preincubation with LY294002 (data not shown), indicating that the same signalling pathway is used by both fatty acid receptors.
DISCUSSION
The accumulation of excess lipid in cells and tissues has been associated with pathological disorders, such as insulin resistance and even heart failure. It is thus essential that cells store lipids in a highly regulated manner in lipid droplets. However, lipid droplets are more than simple storage structures; instead, they are specialised dynamic organelles that can also operate as a platform for intracellular signalling and viral synthesis. Thus, their regulation is crucial, and it is surprising that little is known about the acute regulation of their formation. Lipid droplet formation clearly requires cellular lipid uptake, modification and subsequent storage in the organelle (Sturley and Hussain, 2012; Brasaemle and Wolins, 2012) ; nevertheless, the results presented in this paper point to a regulated process of lipid droplet generation, rather than it being solely a consequence of increased lipid uptake.
The dynamic nature of cellular lipid droplets is demonstrated by their reduction in response to starvation and the subsequent recovery in number following the addition of exogenous fatty acids, notably oleate (Fig. 1) . It is not possible to state whether the droplets are lost in response to starvation or whether they become too small to be detectable or become lipid-free structures that cannot be detected using lipid-specific dyes such as LD540. However, it is clear that the addition of oleate to serum-free medium rapidly induces the appearance of detectable lipid droplets. The [ 3 H]-oleate incorporation experiments (Fig. 1G ) and C-17 fatty acid mass spectrometry experiments (Table 1) demonstrated that at short times (15 and 30 min) following oleate addition to the medium there was limited incorporation of fatty acid into triglycerides and cholesterol ester, despite there being a significant increase in the number and size of lipid droplets (see Fig. 1A-C) . This implies that oleate addition stimulates the incorporation of endogenous cellular lipid into lipid droplets, as demonstrated by the mass spectrometric analysis (Table 1 ; Fig. 2) , with the non-regular increase in lipid droplet size either being due to stimulated droplet fusion or variable increases in uptake into particular droplets. By contrast, the longer incubation with oleate demonstrates a clearer incorporation of added [ 3 H]-oleate into droplet-associated lipids and also a significant increase in total triglyceride content.
This clearly biphasic generation of lipid droplets in response to oleate points to distinct mechanisms of their formation. Whereas the longer-time-dependent increase is undoubtedly dependent upon oleate uptake and incorporation, the more acute response is suggestive of a signalling process. This is supported by the data presented in Figs 2, 3 and 7, which show that a pulse of oleate can stimulate lipid droplet formation, that the droplet formation is specific for long-chain monounsaturated lipids and that GW9508, a small molecule agonist of the FFAR1 and FFAR4 fatty acid receptors, can replace oleate in stimulating the short-term but not the long-term increase in lipid droplet formation. The Huh-7 cells examined in this study express FFAR4, but not FFAR1, pointing to the role of these receptors in oleate-stimulated lipid droplet formation; indeed, depletion of the FFAR4, using an shRNA approach, ablated oleate-stimulated droplet formation following a 15 min incubation and significantly suppressed droplet formation after 120 min (Fig. 8) .
Occupation of the FFAR4 fatty acid receptor stimulates lipid droplet formation through a signalling cascade. It has been previously suggested that lipid droplet formation requires PLD and ERK activity (Andersson et al., 2006) . Although our inhibitor studies provide support for the proposal that PLD activity plays a role in droplet formation, with apparent differences in the functions of PLD1 and PLD2, we found no evidence for ERK involvement; it is possible that this difference in result is due to our use of a newer generation of more specific ERK inhibitors. In addition to PLD signalling, ligating the FFAR4 receptor activates PI3-kinase, presumably through the pertussis-toxin-sensitive Gi. This is detectable as an increase in PtdIns(3,4,5)P 3 mass, as measured by mass spectrometry, in response to oleate stimulation in control but not FFAR4-knockdown cells and by an increase in oleate-stimulated AKT phosphorylation, which was sensitive to the PI3-kinase inhibitor LY294002 and could be mimicked by GW9508. In addition, we observed an increase in the plasma membrane localisation of a transfected GFP-Grp1-PH-domain in response to oleate but not capric acid stimulation, and we did not detect accumulation of PtdIns(3,4,5)P 3 at the lipid droplet. The localisation of PtdIns(3,4,5)P 3 at the plasma membrane implies that this is the receptor-linked signalling process that stimulates lipid droplet formation. PLD, by contrast, appears to be more closely associated with the droplet, along with its regulatory small GTPase, ARF1. This suggests that PLD signalling is downstream of PI3-kinase in the oleate-stimulated cascade, and that it might have a more direct effect upon the lipid droplet. Both PLD1 and PLD2 inhibitors have an inhibitory effect upon acute oleatestimulated lipid droplet formation; by contrast, longer term droplet formation is also inhibited by the inhibition of PLD1, whereas the inhibition of PLD2 has a minimal effect. PLD2 is a plasma-membrane-localised isoform (McDermott et al., 2004) , thus pointing to PLD1 as a major regulator at the lipid droplet. The stimulation of PLD activity by oleate acting through a fatty Fig. 6 . PLD partially colocalises with lipid droplets in Huh-7-cells and is necessary for lipid droplet formation. Huh-7 cells expressing GFP-PLD1 (A, green) and stained with LD540 (B, red). The isolated colocalised pixels from GFP-PLD1 and LD540 images was determined using ImageJ -the RGB colocalisation plugin showed a strong association of PLD1 with lipid droplets (C, white). (D) Preincubation of Huh-7 cells with the PLD1 or PLD2 inhibitors (each at 100 nM) prior to stimulation with 100 mM oleate (OA). Closed bars, control cells; open bars, PLD1 inhibitor; horizontal-striped bars, PLD2 inhibitor. The data were normalised to the number of lipid droplets in fatty-acid-starved cells (starvation) and are expressed as the mean6s.e.m. The P-values are: 15 min PLD1 inhibitor, P59.4610
25
; 15 min PLD2 inhibitor, P50.0002; 180 min PLD1 inhibitor, P51610
28
; 180 min PLD2 inhibitor, P50.09 (Student's t-test) . N.S, non-significant. (E) Maximum projection of 3D confocal recordings of transiently transfected Huh-7 cells. Cells were transfected with GFP-PLD1 (green, left) and Arf1-mCherry (red, middle). Cells were stimulated for 15 min or 180 min with 100 mM oleate prior to fixing and imaging. Some colocalisation (yellow) was observed in control starved cells (not shown).
acid receptor also provides an explanation for the long-standing issue that there is an oleate-stimulated PLD enzyme (Kasai et al., 1998) in cells that has never been identified -receptor-mediated stimulation of PLD1 and PLD2 following oleate treatment thus removes the need to implicate an unidentified PLD species.
The recognised role of PLD in regulating membrane trafficking, fusion and fission events suggests that this enzyme might be directly involved in oleate-stimulated lipid droplet formation, whether this happens using existing droplets, by budding from the endoplasmic reticulum (Robenek et al., 2009) or fission of lipid droplets (Long et al., 2012) remains to be resolved. How PI3-kinase regulates the process is unclear, although the fact that its inhibition ablates the increase in droplet number both after 15 min and 180 min exposure to oleate implies a fundamental regulatory role. Although PtdIns(3,4,5)P 3 can regulate guanine nucleotide exchange factors (GEFs) such as Arno (officially known as CYTH2) that activate ARF and thereby control PLD1 activity, there might be a separate function for AKT signalling that remains to be determined. A role for PI3-kinase signalling in regulating lipid droplets has been previously suggested. In microglia, the generation of lipid droplets following lipopolysaccharide (LPS) stimulation is sensitive to LY294002 (Khatchadourian et al., 2012) . A regulatory effect of AKT upon the lipid droplet pool in different cell types through insulin signalling has also been suggested (Vereshchagina and Wilson, 2006; Bell et al., 2008) . Inhibition of PLD activity only fully ablates oleate-stimulated droplet formation at early time-points, linking it to the receptor-stimulated pathway. At later time-points there is only partial inhibition, suggesting either that other phosphatidic-acid-generating pathways can compensate at these times, or that only the early stimulated pathway is phosphatidic-acid-dependent, provided that the molecular species is similar to that generated by PLD (Pettitt et al., 2001) . This is in contrast to PI3-kinase activity, which appears to be fully essential for lipid droplet formation. An additional possibility is suggested by the reports that phosphatidic acid can regulate mTOR (Fang et al., 2001) , although this has proved to be a contentious suggestion. Nevertheless, if both PLD and PI3-kinase activities are feeding into an increase in mTOR activity this might be a means to activate lipid droplet formationindeed, mTOR is known to promote cellular lipid storage.
The data in this paper suggest a model in which the length of exposure to elevated concentrations of fatty acid is crucial for the mechanism of lipid droplet formation; short-term exposure stimulates the generation or growth of droplets in cells primarily from endogenous lipid, whereas longer exposure results in the incorporation of exogenous lipid following uptake. This could suggest that the magnitude and length of exposure to elevated concentrations of fatty acids could be an important switch in regulating the amount of lipid droplet formation and, thus, between health and disease. In healthy states, the lipid droplets serve as storage devices for lipids, whereas, in diseases, such as obesity and type 2 diabetes, excess droplet formation occurs. PI3-kinase inhibitors have been considered as anti-insulin drugs, and they might also prove to be effective in reducing lipid deposition. Alternatively, PLD inhibitors could play a role in reducing acute lipid droplet formation in response to a high-fat diet. The effects of FFAR4 dysfunction have been demonstrated by Ichimura et al., using a combined epidemiological and knockout approach (Ichimura et al., 2012) . The importance of a functioning FFAR4 receptor was shown -in its absence there was an increase in obesity, including a fatty liver. This points to a key regulatory role for the signalling pathway activated by this receptor, in contrast to the more deleterious effects observed following unregulated lipid uptake in its absence. 
MATERIALS AND METHODS

Cell culture and stimulation
Huh-7 cells were grown to a confluency of 50% in DMEM (PAA) supplemented with 10% fetal calf serum (FCS) (PAA) and 1% penicillinstreptomycin on 22-mm round coverslips (VWR). The medium was replaced with DMEM supplemented with 1% penicillin-streptomycin and 1% bovine serum albumin (BSA; fatty acid free, endotoxin free) for starvation for 16 h prior to stimulation with fatty acids, agonists or inhibitors. The PLD1 and PLD2 inhibitors were used as described previously (Norton et al., 2011) . LY294002 (Calbiochem) in DMSO was applied 20 min before stimulation at a final concentration of 10 mM.
Confocal microscopy
Cells were fixed by incubating with 800 ml of 4% paraformaldehyde (PFA) in PBS for 45 min at room temperature and then washing three times with 1 ml of ice-cold PBS. Samples were stained with 800 ml of LD540 (diluted 1:1000 in PBS; provided by Christophe Thiele, Bonn, Germany) and Hoechst 33342 (1:10,000) for 10 min. The cells were viewed under 1 ml of PBS during recording using an Olympus FLUOVIEW FV1000 at a resolution of 0.265 mm/pixel, 8006800 pixel. The z dimensions were 2560.45 mm/slice. The excitation wavelengths were 405 nm for Hoechst 33342 and 488 nm for LD540, and the filter settings for recording were SDM490, 425-420 nm for Hoechst 33342; 500-600 nm for LD540. Three-dimensional (3D) quantification of lipid droplets was performed with VolocityH 3D Image Analysis Software (PerkinElmer). For live-cell imaging of GPR1-GFP-transfected Huh7-cells, a spinning disc confocal microscope was used with filter settings for GFP (excitation 488 nm, emission §525nm). The exposure time was 350 ms.
Western blotting SDS-PAGE was performed using 10% acrylamide gels with kaleidoscope pre-stained standards. Semi-dry transfer preceded blotting with the following primary antibodies: rabbit anti-AKT, anti-phospho-AKT (Cell Signaling Technologies), rabbit anti-FFAR4 (MBL) and rabbit anti-FFAR1 (Abcam). Incubation with the secondary antibody (HRP-coupled anti-rabbit-IgG) was followed by ECL detection using Hyperfilm ECL high performance chemiluminescence film (Amersham).
Lipid analysis
After stimulation, PtdIns(3,4,5)P 3 was determined by mass spectrometry as described previously (Clark et al., 2011) , and neutral lipids were determined by mass spectrometry as described previously (Griffiths et al., 2013; Gaunt et al., 2013) . Huh-7 cells were incubated with 1 mCi of [ 3 H]-oleic acid in DMEM containing 1% penicillin-streptomycin and 1% fatty-acid-free BSA for 1 h prior to stimulation. Lipids were extracted from cell pellets using the Folch method. A total of 1 mg of TLC Mix 40 (Larodan) was added as a standard, and lipids were separated by TLC on activated silica gel 60 (Merck) plates developed using hexane:diethylether:acetic acid (80:20:1). Lipids were identified with iodine vapour, scraped from the plate and the radioactivity was determined by scintillation counting. Huh-7 cells were loaded with 3 mM C17 heptadecanoate fatty acid in DMEM containing 1% penicillin-streptomycin and 1% fatty-acid-free BSA for 2 h before oleate stimulation.
Mass spectrometry
Cell pellets (6610 6 cells) were washed twice with cold PBS and resuspended in 1.5 ml of methanol in silanised glass tubes on dry ice. After spiking with 400 ng of 17:0/20:4-phosphatidylinositol, 400 ng of 12:0/12:0-phosphatidylcholine, 100 ng of 12:0/12:0-phosphatidic acid, 100 ng of 12:0/12:012:0-triglyceride, 100 ng of 12:0/12:0-DAG, 50 ng of 12:0-MAG, 200 ng of 17:0-free fatty acid, 100 ng of d7-cholesterol and 100 ng of 17:0-cholesterol ester as internal standards, 1.5 ml of 0.88% NaCl and 3 ml of chloroform were added. The mixture was vortexed for 20 s at room temperature and sonicated in an ice-cold sonication water bath for 2 min, and then centrifuged at 1000 g at 4˚C for 15 min. The lower phase was collected. The upper phase was extracted with 3 ml of synthetic lower phase and the resulting extractions were combined and dried under vacuum at room temperature with SpeedVac (Thermo) and redissolved in 100 ml of chloroform. A total of 7 ml was injected for liquid chromatography-mass spectrometry (LC/MS) analysis. For LC/MS analysis, we used a Thermo Orbitrap Elite system (Thermo Fisher) hyphenated with a five-channel online degasser, four-pump, column oven and autosampler with cooler, Shimadzu Prominence HPLC system (Shimadzu) for lipids analysis. In detail, lipid classes were separated on a normal phase silica gel column (2.16150 mm, 4micro, MicoSolv Technology) with a hexane/dichloromethane/chloroform/ methanol/acetanitrile/water/ethylamine solvent gradient based on the polarity of head group. High resolution (240 k at m/z 400)/accurate mass (with mass accuracy ,5 ppm) and tandem mass spectrometry [collision induced dissociation (CID) fragmentation] were used for molecular species identification and quantification. The identity of lipid was further confirmed by reference to appropriate lipids standards. The Orbitrap Elite mass spectrometer operation conditions for positive-ion lipids analysis were as follows: heated electrospray ionisation (ESI) source in positive ESI mode, heater temperature of 325˚C, sheath gas flow rate (arb) of 35, aux gas flow rate (arb) of 5, sweep gas flow rate (arb) of 0, I spray voltage of 3.5 kV, capillary temperature of 325˚C, S-lens radio frequency level of 60%. The Orbitrap mass analyser was operated as SIM scan mode with two events. Event 1 -mass range, m/z 238-663; mass resolution, 240 k at m/z 400. Event 2 -mass range, m/z 663-1088; mass resolution, 240 k at m/z 400. The Orbitrap Elite mass spectrometer operation conditions for negative ion lipids analysis were as follows: heated ESI source in negative ESI mode, heater temperature of 325˚C, sheath gas flow rate (arb) of 45, aux gas flow rate (arb) of 10, sweep gas flow rate (arb) of 0, I spray voltage of 3.0 kV, capillary temperature of 375C˚, S-lens RF level of 70%. The Orbitrap mass analyser was operated as SIM scan mode with two events. Event 1 -mass range, m/z 218-628; mass resolution, 240 k at m/z 400. Event 2 -mass range, m/z 628-1038; mass resolution, 240 k at m/z 400. The ion trap mass analyser was operated as dependent scan in CID mode at normal scan speed. All the solvents used for lipid extraction and LC/MS/MS analysis are LC-MS grade from Fisher Scientific.
For cholesterol and cholesterol ester analysis, the lipid extract was acetylated with 170 ml acetyl chloride:chloroform (1:5) at room temperature for 2 h. Solvent was removed at room temperature under vacuum. The acetylated lipid was re-dissolved in 70 ml of 10 mM ammonium acetate methanol:chloroform (3:1). A total of 7 ml was injected by autosampler for ESI-MS/MS analysis using a Shimadzu Prominence HPLC hyphenated with ABSciex 4000 QTRAP. 0.25 ml/min 10 mM ammonium acetate methanol:chloroform (3:1) was pumped to the 4000 QTRAP source for ESI-MS/MS analysis. The following mass spectrometry operation parameters were used. Source/gas parameters: curtain gas, 20; collision gas, medium; IonSpray voltage, 5500; temperature, 400˚C; ion source gas 1, 45; ion source gas 2, 20; interface heater, on. Compound parameters: entrance potential (EP), 9.0; collision cell exit potential (CXP), 11.0; declustering potential, 60 for cholesterol ester analysis and 50 for acetylated cholesterol analysis; collision energy, 19 for cholesterol ester analysis and 15 for acetylated cholesterol analysis. Unit resolution was used for both Q1 Mass and Q3 Mass for multiple reaction monitoring analysis of cholesterol ester and cholesterol.
Transfection and cell line generation
Huh-7 cells were transfected using FuGENE 6 (Roche). For selection of the expression of GFP-tagged gene products, G418 (Invitrogen) was used at concentration of 400 mg/ml, with subsequent maintenance of the cells at 100 mg/ml G418. pLKO-associated gene products were selected for with puromycin (Invitrogen) at 10 mg/ml and their expression was maintained with 1 mg/ml puromycin. 
